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INTRODUCTION 
BACKGROUND 
B a c t e r i a l  g rowths  a t t a c h e d  t o  s o l  i d  s u r f a c e s ,  commonly r e f e r r e d  
t o  as b i o f i l m s ,  can be used advan tageous ly  i n  t h e  t r e a t m e n t  o f  v a l u a b l e  
w a t e r  r e s o u r c e s .  B i o f i l m s  a r e  t h e  predominant  f o r m  o f  b a c t e r i a l  g rowth  
i n  env i ronments  of  l o w  n u t r i e n t  c o n c e n t r a t i o n s  and h i g h  s p e c i f i c  
s u r f a c e  a reas .  C u r r e n t l y  b i o f  i l m s  a r e  b e i n g  used i n  w a t e r  and waste-  
w a t e r  t r e a t m e n t  w i t h  methods such as t h e  r o t a t i n g  b i o l o g i c a l  c o n t a c t o r ,  
t h e  t r i c k l i n g  f i l t e r ,  submerged f i l t e r s ,  l a n d  t r e a t m e n t ,  bank f i l t r a t i o n ,  
a q u i f e r  recharge ,  and b i o l o g i c a l  a c t i v a t e d  carbon.. B i o f i l m s  a l s o  e x i s t  
f r e e l y  i n  n a t u r e  and can be b o t h  u s e f u l  and a  nu isance  t o  man, The 
most  common fo rms  o f  n a t u r a l  b i o f i l m s  a r e  found  i n  s t ream beds, ground- 
wa te r  a q u i f e r s ,  wa te r  p ipes ,  s h i p  h u l l  s, heat-exchange s u r f a c e s ,  p l a n t s ,  
an imal  i n t e s t i n e s ,  and p laque  on t e e t h  ( R i t t m a n n  and McCarty, 1981; 
Brock,  1979; Charackl  i s ,  1973) .  
W i t h  t h e  eve r -g row i  ng concern  abou t  t r a c e - 1  e v e l  c o n c e n t r a t i o n s  
o f  o r g a n i c s  e n t e r i n g  t h e  h y d r o l o g i c a l  c y c l e  and t h e  adverse e f f e c t s  t h e y  
may have o n  h e a l t h  and n a t u r a l  env i ronments ,  methods f o r  t h e i r  removal 
t o  t h e  1  owest  1  eve l  a c h i e v a b l e  becorne h i g h l y  d e s i r a b l e .  Among p o s s i b l e  
+ methods t o  remove o r g a n i c  compounds, t h e  b i o l o g i c a l  p rocesses a r e  o f t e n  
advantageous.  Phys i ca l - chemica l  processes m e r e l y  exchange t h e  p o l l u t a n t  
o f  concern  f r o m  t h e  aqueous phase t o  ano the r  phase, wh ich  must  s t i l l  be 
d i sposed  o f  i n  some manner. B i o l o g i c a l  p rocesses n o t  o n l y  s e p a r a t e  t h e  
o r g a n i c  p o l l u t a n t  f r o m  t h e  aqueous phase, b u t  a1 so can degrade t h e  
p o t e n t i a l  l y  ha rmfu l  substances i n t o  b e n i g n  compounds. such as ca rbon  
d i o x i d e ,  wa te r ,  and harmless o r g a n i c  c e l l  m a t t e r -  
When t h e  c o n c e n t r a t i o n  o f  b i  odegradabl  e  o r g a n i c  substances i s  a  
few m i l  1  ig rams p e r  1  i t e r  o r  1  ess , t h e  most  p r a c t i c a l  b i o l o g i c a l  t r e a t m e n t  
system i s  a  f i x e d - f i l m  p rocess .  A f i x e d - f i l m  process has t h e  advantage 
o v e r  a  suspended g rowth  system when t h e  o r g a n i c  c o n c e n t r a t i o n  i s  low,  
because t h e  c e l l  s  rema in  w i t h i n  t h e  system by a t t a c h m e n t  and a r e  con-  
t i n u a l l y  exposed t o  a  f r e s h  supp ly  o f  n u t r i e n t s .  I n  a d d i t i o n ,  f i x e d - f i l m  
processes a r e  u s u a l l y  more energy  dnd c o s t  e f f i c i e n t ,  compared t o  
suspended-growth b i o l o g i c a l  processes and p h y s i c a l - c h e m i c a l  p rocesses.  
BIOFILM PROPERTIES 
A  b i o f i l m  g e n e r a l l y  c o n s i s t s  o f  about 95 t o  99 pe rcen t  water  
which i s  e i t h e r  p a r t  o f  t h e  biomass o r  he ld  w i t h i n  t h e  b i o f i l m  s t r u c -  
t u r e ,  The biomass i s  c h a r a c t e r i s t i c a l l y  comprised o f  o rgan i c  c e l l  
mat te r ,  bo th  a c t i v e  and i n a c t i v e ,  orgar l i  c  sec re t io r l s  used f o r  adhesion, 
and i n o r g a n i c  components. The i no rgan i c  p o r t i o n  o f  t he  b i o f i l  m 
c o n s i s t s  o f  ma jo r  and t r a c e  n u t r i e n t s  and comprises up t o  10 percen t  
o f  t h e  d r y  biomass weight .  The f r a c t i o n  o f  o rgan ic  m a t t e r  i s  abou t  
90 pe rcen t  by d r y  weight,  and i t s  key components a r e  t he  a c t i v e  and 
dead b a c t e r i a l  c e l l s .  About 80 percen t  o f  t h e  a c t i v e  biomass i s  
b iodegradable  (McCarty, 1972) and can be o x i d i z e d  by  t h e  a c t i v e l y  
growing b a c t e r i a l  c e l l s .  A c t i v e  c e l l s  u t i l  i z e  t h e i r  own cytoplasm 
as a  source o f  energy.  I n  a d d i t i o n ,  when some c e l l s  d i e  and l y se ,  
they  r e l ease  b iodegradable  n u t r i e n t s  t h a t  can be used by t he  o t h e r  
organisms. The i n o r g a n i c  f r a c t i o n  o f  t h e  b i o f i l m  and a  p o r t i o n  o f  
the  o rgan i c  f r a c t i o n  a r e  r e f r a c t o r y ;  i f  they  a r e  n o t  washed o u t  o f  
t h e  b i o f i l m  system, they  tend t o  accumulate, i n c r e a s i n g  t h e  b i o f i l m  
mass and th ickness .  
APPLYING BIOFILM PROCESSES TO WATER AND WASTEWATER TREATMENT 
Al though b i o f i l m  processes a r e  u s u a l l y  most advantageous f o r  
removal o f  l ow concen t ra t i ons  o f  o rgan i c  contaminants,  some p o t e n t i a l  
problems e x i s t .  Two o f  t h e  most impo r tan t  problems a r e  t h e  b u i l d - u p  
o f  r e f r a c t o r y  c e l l  m a t e r i a l  and t h e  i m p o s s i b i l  i t y  o f  growing and 
s u s t a i n i n g  a  b i o f i l m  when o rgan i c  concen t ra t i ons  a r e  v e r y  low,  
R e f r a c t o r y  M a t e r i a l  ---- Bui ld-Up 
R i  t tmann and McCarty (1  980a) a r ~ d  R i  t tmann ( 1  982) demonstrated 
t h a t  biomass decay i s  t h e  main biomass l o s s  mechanism f o r  many r e a c t o r  
types.  When biomass decays, i t  g r a d u a l l y  accumulates nonac t i ve ,  
r e f r a c t o r y  c e l l  m a t e r i a l  * A  b u i l d - u p  o f  r e f r a c t o r y  m a t e r i a l  p o t e n t i a l l y  
can reduce t h e  e f f ec t i veness  o f  a  b i o f i l m  process by c l ogg ing  the 
r e a c t o r  pores, caus ing s h o r t  c i r c u i  t i  ng , o r  reduc ing  t h e  a c t i v e - c e l  1  
d e n s i t y  o f  t h e  b i o f i l m .  
Experimental  e v a l u a t i o n  o f  b i o f i  l m  processes f o r  advanced 
b i o l o g i c a l  t rea tment  has n o t  y e t  addressed t h e  long- te rm bu i l d -up  o f  
r e f r a c t o r y  c e l l  m a t e r i a l .  A l though severa l  s t u d i e s  have demonstrated 
good p o t e n t i a l  f o r  removal o f  t r ace -o rgan i c  contaminants (R i  ttmann and 
McCarty, 1980a, 1980b, 1981 ; S t r a t t o n  QA: d., 1982; Namkung QA: d., 
1982), none was c a r r i e d  o u t  f o r  l o n g  enough t o  t e s t  t h e  impact o f  
r e f r a c t o r y  b u i l  d-up. 
Very Low Subs t ra te  Concen t ra t ions  
He te ro t r oph i c  b a c t e r i a  grow and s u s t a i n  themselves through 
u t i l i z a t i o n  o f  o rgan i c  subs t ra tes .  The k i n e t i c s  o f  c e l l  growth a re  
p r o p o r t i o n a l  t o  the  c o n c e n t r a t i o n  o f  t h e  r a t e - 1  i m i t i n g  subs t ra te ;  as 
t h a t  c o n c e n t r a t i o n  becomes very  low, t h e  growth r a t e  becomes l e s s  than 
t h e  biomass l o s s  r a t e  and t h e  b i o f i l m  e i t h e r  does n o t  form o r  i t  
d isappears .  The p rob l  em o f  low concen t ra t i on  i s  espec ia l  l y  cogent  
f o r  advanced b i o l o g i c a l  t rea tment  because t h e  o rgan i c  m a t e r i a l  i s  a t  
l ow  concen t ra t i on  and o f t e n  comprised o f  s l o w l y  b iodegradable  compounds 
which y i e l d  a  slow growth r a t e ,  
For  a  s teady-s ta  t e  b i o f i l m - - o n e  f o r  which growth and 1  osses j u s t  
ba lance-- the minimum concen t ra t i on  f o r  s u s t a i n i n g  t he  b i o f i l m  i s  c a l l e d  
'mi n  (Ri t tmann and McCarty, 1980a) and i s  de f i ned  as 
i n  which 
KS = Monod ha1 f - v e l o c i t y  c o e f f i c i e n t  ( M ~ L " )  ; 
Y = t r u e  t o  y i e l d  (MxMil); 
-1 -1 k  = maximum s p e c i f i c  s u b s t r a t e  u t i l i z a t i o n  r a t e  (MSMx T  ) ;  and 
b  = biomass decay c o e f f i c i e n t  ( T - I  ) . 
Typ i ca l  va lues o f  Smin a re  0.1-1.0 mg/l i n  aerob ic  systems ( S t r a t t o n  
ex d., 1982).  S ince t r a c e  o rgan ic  contaminants a r e  o f t e n  p resen t  a t  
concen t ra t i ons  w e l l  below 0.1 mg/l , the  d i r e c t  use o f  a  s t eady -s ta te  
b i o f i  1  rn t o  b r i n g  about  b iodegrada t ion  seems imposs ib l e *  
Nonsteady-State B i o f  il m Process 
One techn ique  f o r  ach i  e v i  ng b iodegrada t ion  o f  o rgan i c  subs t ra tes  
present  a t  sub-Smin c o n c e n t r a t i o n  i s  t o  employ a  nonsteady-s ta te  b i o f i l m  
technique.  I n  t he  nonsteady-s ta te  technique, a  b i o f i l m  i s  grown f o r  a  
r e l a t i v e l y  s h o r t  t ime  th rough  u t i l i z a t i o n  o f  a  h i gh  ( i . e . ,  g r e a t e r  than 
Smin) c o n c e n t r a t i o n  o f  subs t ra te ;  subsequent ly,  t h e  s u b s t r a t e  feed  con- 
c e n t r a t i o n  i s  reduced t o  t h e  (normal ) t r a c e  l e v e l .  S ince t h e  b i o f i l n ~  
i s  a l r eady  p resen t  and cannot decay away as q u i c k l y  as i t  was grown, 
s u b s t r a t e  removal i s  achieved f o r  extended pe r i ods  as t h e  nonsteady-s ta te  
b i o f i l t n  s l o w l y  decays. Ri t tmann and McCarty (1981 ) showed t h a t  t h e  
nonsteady-s ta te  technique can b r i n g  about  h i g h  removal e f f i c i e n c i e s  o f  
t r a c e - l e v e l  o rgan i cs  f o r  sho r t - t e rm  experiments; however, t h e  long- te rm 
c a p a b i l i t y  was n o t  i nves t i ga ted .  
I n t e r n a l  Subs t ra te  Supplementat ion -- 
A second means by which b i o f i l m  mass can be sus ta ined  when t h e  
feed c o n c e n t r a t i o n  i s  1  ess than Smi i s  i n te rna l  s u b s t r a t e  supplementa- 
t i o n .  The most l i k e l y  example i s  t h e  p r o d u c t i o n  o f  o rgan i c  p roduc ts  
by  a u t o t r o p h i c  n i t r i f y i n g  b a c t e r i a .  The n i  t r i f i e r s  o x i d i z e  ammonium 
n i t r o g e n  t o  o b t a i n  energy t o  f i x  i n o r g a n i c  carbon f o r  c e l l  s yn thes i s .  
Some o f  t h a t  o rgan i c  carbon i s  re leased  and p o t e n t i a l l y  can be u t i l i z e d  
by he te ro t rophs .  Thus, n i t r i f i c a t i o n  a c t i v i t y  can supplement t h e  
o rgan i c  m a t e r i a l  i n  t h e  feed and reduce h e t e r o t r o p h i c  decay r a t e s .  
N i t r i f i c a t i o n  i s  favored by a  low o rgan ic  concen t ra t i on  i n  t h e  feed, 
which would be t y p i c a l  o f  a  nonsteady-s ta te  o p e r a t i o n  (McCarty ex at . ,  
1981). 
RESEARCH OBJECTIVES 
1. To determine t he  long- te rm e f f e c t s  t h a t  t h e  accumulat ion o f  
r e f r a c t o r y  biomass has on s u b s t r a t e  removal .  
2. To de te rmi  ne t h e  1  ong- term capa b i  1  i t y  o f  a  nons teady-s t a t e  
b i o f i l m  t o  a l l  ow e f f i c i e n t  removal o f  t r a c e - l e v e l  subs t ra te .  
3. To develop and eva lua te  a  mathematical  model t h a t  p r e d i c t s  
t h e  t r a n s i e n t  growth, decay, and s u b s t r a t e  u t i l i z a t i o n  o f  a  
nons teady-s ta te  b i o f i l m .  
4.  To de te rm ine  t h e  r o l e  o f  n i t r i f i c a t i o n  i n  r e d u c i n g  t h e  r a t e  o f  
h e t e r o t r o p h i c  b i o f i l m  decay under  nonsteady-s ta  t e  cond i t i o n s .  
EXPERIMENTAL MATERIALS AND METHODS 
EXPERIMENTAL APPARATUS 
The l a b o r a t o r y  s e t - u p  used t o  comple te  t h e  b i o f i l m  s t u d i e s  i s  
i l l u s t r a t e d  i n  F i g u r e  1 .  Glass columns, 2.5-cm i n  d iamete r  and 12-cm 
o r  36-crn i n  l e n g t h ,  were opera ted  i n  an u p f l o w  manner. The columns 
possessed samp l ing  p o r t s  sea led w i t h  r u b b e r  serum caps and spaced 1 ,  
2, 4, 6, 8,  10 . . . c m f r o m  t h e  i n l e t .  Two d i f f e r e n t  column l e n g t h s  
were used f o r  t h e  two t ypes  o f  exper iments .  A  36-cm column was used 
f o r  t h e  long- te rm s t e a d y - s t a t e  t e s t s ,  and a  12-cm column was used f o r  
t h e  nons teady -s ta te  t e s t s .  The columns were packed w i t h  3-mm d iamete r  
g l a s s  beads, wh ich served as t h e  a t tachment  media f o r  t h e  b i o f i l m .  
The end caps on t h e  12-cm column were tapered  g l  ass w i t h  b a f f l  i ng on 
t h e  i n f l u e n t  s i d e  t o  m a i n t a i n  n e a r l y  p l  u g - f  l ow  c o n d i t i o n s  th roughou t  
t h e  r e a c t o r .  T e f l o n  s c r e e n i n g  was p l a c e d  between t h e  end caps and 
p a c k i n g  media t o  p r e v e n t  t h e  d i sp lacement  o f  g l a s s  beads, The end 
caps were connected t o  t h e  t r a n s p o r t  t u b i n g  and column w i t h  q u i c k -  
r e l e a s e  f i t t i n g s  t o  a l l o w  f o r  r a p i d  c l e a n i n g .  The end caps on t h e  
36-cm column c o n s i s t e d  o f  a  t e f l o n  p l u n g e r  dev ice  t h a t  c o u l d  be 
a d j u s t e d  w i t h i n  t h e  column t o  produce r e a c t o r s  o f  d i f f e r e n t  l e n g t h s .  
The columns were opera ted  by  g r a v i t y  f l o w  frorn 8-1 i t e r ,  g l a s s  
a s p i r a t o r - b o t t l e  feed  r e s e r v o i r s .  Tygon t u b i n g  was used t o  t r a n s p o r t  
t h e  feed  s o l u t i o n  t o  t h e  b i o f i l m  r e a c t o r s  and t o  t h e  e f f l u e n t  r e s e r v o i r .  
The f l o w  r a t e  was c o n t r o l l e d  by a  D i a l  -a-Flow v a l  ve (Sorenson) connected 
t o  t h e  e f f l u e n t  t u b i n g .  B e f o r e  t h e  e f f l u e n t  passed i n t o  t h e  e f f l u e n t  
r e s e r v o i r ,  i t  passed th rough  a  300-ml BOD b o t t l e  used f o r  d i s s o l v e d -  
oxygen a n a l y s i s .  The f l o w  r a t e  th rough  t h e  column was m a i n t a i n e d  
a t  3  L /day  d u r i n g  t h e  l e n g t h  o f  t h e  b i o f i l m  exper iments .  Some 
i m p o r t a n t  c o l  urnn parameters a r e  presented i n  Tab le  1 ,  
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Figure 1 . Experimental B i o f i l m  Reactor System 
Table 1 .  C h a r a c t e r i s t i c s  o f  B i o f i l m  Reactors 
Parameter 12-cm Column 36 -cm Col umn 
Volume o f  r e a c t o r  58.9 cm 3  176 cm 3  
Po ros i t y ,  E %0.4 .LO. 4  
Volume o f  vo ids ,  Vv 
Volume o f  one g lass  bead 
Area o f  one q l ass  bead 
- 
Flow r a t e ,  Q 125 cm3/hr 125 cm3/hr 
Theo re t i ca l  d e t e n t i o n  t ime, V v / Q  11.3 min 33.9 min 
V e l o c i t y  o f  f l u i d  1  .06 cm/mi n  1  .06 cm/mi n  
Re = ( v d  p / e )  P  0.0056 0.0056 
FEED SOLUTIONS 
The feed s o l u t i o n s  used were prepared w i t h  3  mg C O D / l  f o r  phenol 
i n  t h e  s t eady -s ta te  column and 0.03 t o  3  m g / l  D-galactose i n  t h e  
nonsteady-s t a t e  c o l  umn . These concen t ra t  i ons  a r e  t y p i c a l  o f  those 
found i n  t e r t i a r y  e f f l u e n t s  and some su r f ace  and groundwaters.  S ince 
l i t t l e  oxygen would be consumed a t  these l ow  o rgan i c  l e v e l s ,  t h e  
p o s s i b i l  i ty o f  dual  1  i m i t a t i o n  between e l  e c t r o n  donor and e l e c t r o n  
accep to r  was e l i m i n a t e d .  A lso added t o  t h e  feed s o l u t i o n  were e s s e n t i a l  
i n o r g a n i c  n u t r i e n t s .  The n u t r i e n t s  and t h e i r  concen t ra t i ons  i n  t h e  
bas i c  medium were: 8.5 mg / l  KH2P04, 21 - 8  m g / l  K2HP04, 17.8 mq / l  Na2HP04, 
1.7 m g / l  NH4CC, 11.0 mg/P MgS04, 27.5 mg / l  CaC12, 0.15 mg / l  F e u 3 ,  and 
1.0 m g / l  NaHC03. The pH was 7.1 .  S o l u t i o n s  were prepared w i t h  
de ion i zed  and d i s t i l  l e d  water  t h a t  was subsequent ly  f i l t e r e d  th rough  a  
Mu1 ti-Q p u r i f i c a t i o n  system and s t e r i l  i z e d  by au toc l  av i ng .  
COLUMN START-UP 
The procedure f o l l owed  t o  s t a r t  up a  column was t o  f i r s t  wash 
t h e  column, t he  end caps, g l ass  beads, and t u b i n g  w i t h  e i t h e r  chromic 
a c i d  o r  a  concent ra ted c h l o r i n e  s o l u t i o n  and then t o  t ho rough l y  r i n s e  
thern each w i t h  s t e r i l e  wa te r .  The g l ass  beads were s t e r i l i z e d  i n  t h e  
au toc l ave  f o r  15 minutes a t  15 p s i .  I n  o rde r  t o  a l l o w  b i o f i l m  growth 
t o  occur  o n l y  on t he  g lass  beads and column w a l l ,  t h e  tygon t ub ing ,  
column end caps, and t h e  t e f l o n  screens were s t e r i l i z e d  w i t h  a  c h l o r i n e  
s o l u t i o n  each t i m e  t h e  feed was changed. The column was i n i t i a l l y  
packed by f i l l  i n g  t he  column about ha1 fway w i t h  s t e r i l e  water  and 
pour ing  t he  s t e r i l e  g lass  beads i n  a  few a t  a  t i m e  and then  v i b r a t e d  
w i t h  a  v o r t e x  m i xe r  t o  i n s u r e  t h a t  s e t t l i n g  o f  t h e  g l ass  beads would 
n o t  occur  a f t e r  the exper iment  began. A f t e r  t h e  column was e n t i r e l y  
6 packed, a  s e t t l e d  domest ic sewage s o l u t i o n ,  d i l u t e d  1  :10 w i t h  a  
medium of 8.5 m g / l  KH2P04, 21.8 mg / l  K2HP04, 17.8 m g / l  Na2HP04, and 
11.0 m g / l  MgS04, was passed through t h e  column. A f t e r  t h e  s o l u t i o n  
had passed through t h e  r e a c t o r  f o r  severa l  d e t e n t i o n  t imes,  t h e  
i n f l u e n t  and e f f l u e n t  l i n e s  were crimped t o  s top  t h e  f l o w .  The column 
remained i n  t h i s  s t a t e  f o r  24 hours t o  a l l o w  t h e  b a c t e r i a  t o  a t t a c h  t o  
t h e  g lass  beads. A f t e r  24 hours t h e  i n f l u e n t  and e f f l u e n t  t ub i ngs  
were s t e r i l  i z e d  and t h e  c o l  umn was a t tached  t o  t h e  feed r e s e r v o i r  so 
t h a t  cont inuous f l o w  cou ld  beg in .  The f l o w  remained cont inuous and 
cons tan t  d u r i n g  t h e  e n t i r e  exper iment except  f o r  t h e  s h o r t  t i m e  per iods  
when t h e  t ub ings  were c leaned. 
EXPERIMENI'AL AND ANALYTICAL PROTOCOLS 
A f t e r  t h e  columns had been i n  o p e r a t i o n  f o r  approx imate ly  t h r e e  
weeks and s teady -s ta te  c o n d i t i o n s  were reached, t h e  nonsteady-s ta te  
exper iments began. The procedure f o l l owed  t o  t e s t  t h e  nonsteady-s ta te  
D-galactose column was t o  i n i t i a l l y  grow the  b i o f i l m  a t  a  ga lac tose  
c o n c e n t r a t i o n  o f  3.0 mg / l  i n  t h e  bas i c  n u t r i e n t  medium. A f t e r  steady- 
s t a t e  c o n d i t i o n s  were achieved and an Smin was determined, t h e  ga lactose 
feed c o n c e n t r a t i o n  was reduced t o  0.3 mg/l,  which was below S  
min '  Us i ng 
a  r ad io -1  abel  ed gal  ac tose t r a c e r  (Brunner,  1982),  sho r t - t e rm  t e s t s  a t  
ga lac tose  concen t ra t i ons  o f  0.3 and 3.0 mg/L were conducted. The 
reason t h a t  t he  ga lac tose  concen t ra t i on  was inc reased  t o  3.0 m g / l  f o r  
some sho r t - t e rm  t e s t s  was t o  t e s t  i f  t h e  decay o f  the  o r i g i n a l  b i o f i l m  
had reduced t h e  s u b s t r a t e  removal c a p a c i t y  f rom i t s  o r i g i n a l  steady- 
s t a t e  va lue.  It was e s p e c i a l l y  impo r tan t  t o  keep t h e  t e s t s  as s h o r t  
as p o s s i b l e  when a  h i ghe r  concent ra ted t e s t  feed s o l u t i o n  was used, 
s i n c e  1  ong-term exposure t o  a  h i ghe r  concen t ra t i on  would a1 1  ow regrowth  
o f  t h e  b i o f i l m .  Whi le  t h e  column was opera ted  w i t h  a  feed  s o l u t i o n  
c o n c e n t r a t i o n  o f  0.3 m g / l  ga lac tose ,  nons teady-s ta te  t e s t s  were conducted 
a t  l e a s t  once p e r  week a t  bo th  c o n c e n t r a t i o n s  o f  0.3 and 3.0 m g / l  
ga l  ac t o s e  . 
A f t e r  severa l  months o f  o p e r a t i o n  w i t h  an i n f l u e n t  g a l a c t o s e  
c o n c e n t r a t i o n  o f  0.3 mg/ l ,  t h e  feed  c o n c e n t r a t i o n  was reduced f u r t h e r  
t o  0.03 m g / l  ga lac tose .  A t  t h i s  c o n c e n t r a t i o n ,  week ly  t e s t s  were 
performed f o r  about  a  2-hour t i m e  p e r i o d  a t  c o n c e n t r a t i o n s  o f  0.03 mg/ l ,  
0.3 mg/ l ,  and 3.0 m g / l  ga lac tose .  
S h o r t l y  a f t e r  changing t h e  ga lac tose  c o n c e n t r a t i o n  i n  t h e  feed  
t o  0.03 mg/ l ,  t h e  i n o r g a n i c  n i t r o g e n  source was changed f rom ammonia 
t o  n i t r a t e  i n  o r d e r  t o  reduce t h e  biomass formed due t o  n i t r i f i c a t i o n ,  
a  p o s s i b l e  source o f  energy f o r  the  h e t e r o t r o p h i c  organisms u s i n g  t h e  
g a l a c t o s e *  The n i t r o g e n  source was changed f rom 0.445 mg-N/l o f  
NH3-N t o  0.445 mg-N/l o f  NO;-N. A l l  o f  t h e  o t h e r  i n o r g a n i c  n u t r i e n t s  
remained t h e  same. 
Oxygen consumed i n  t h e  r e a c t o r ,  i n d i c a t i n g  t h e  degree o f  b i o l o g i c a l  
s t a b i l  i z a t i o n  and decay, was measured by c a r e f u l l y  c o l l  e c t i n g  b o t h  
i n f l u e n t  and e f f l u e n t  samples i n  300-ml BOD b o t t l e s .  The samples were 
ana lyzed u s i n g  t h e  Wink1 e r  Method ( a z i d e  m o d i f i c a t i o n )  (American Publ i c  
H e a l t h  A s s o c i a t i o n ,  1980). One i m p o r t a n t  reason f o r  check ing  t h e  
e f f l u e n t  d i s s o l  ved-oxygen c o n c e n t r a t i o n  was t o  ensure t h a t  oxygen 
remained a t  a  h i g h  enough c o n c e n t r a t i o n  t o  p rec lude  dua l  1  i m i t a t i o n .  
N i t r i t e  and n i t r a t e  c o n c e n t r a t i o n s  were measured i n  b o t h  columns 
t o  t e s t  f o r  t h e  presence o f  n i t r i f i e r s .  The cadrr~iurn r e d u c t i o n  rr~ethod 
(American Publ i c  Heal t h  A s s o c i a t i o n ,  1980) was used t o  de te rm i  ne b o t h  
n i t r i t e  and n i t r a t e  c o n c e n t r a t i o n s .  
T o t a l  o r g a n i c  carbon. TOC, measurements were made w i t h  a  
Dohrrr~anr~ DC 80 Carbon Ana lyzer  or1 sampl es o f  d i  s t i  11 ed water ,  wa te r  
processed by t h e  M i l  1  i-Q p u r i f i c a t i o n  system, s o l u t i o n s  c o n t a i n i n g  
o n l y  t h e  i n o r g a n i c  n u t r i e n t s  a t  t h e i r  r e s p e c t i v e  c o n c e n t r a t i o n s ,  and 
feed  s o l u t i o n s  c o n t a i n i n g  b o t h  t h e  i n o r g a n i c  n u t r i e n t s  and t h e  o r g a n i c  
s u b s t r a t e  a t  c o n c e n t r a t i o n s  between 0.03 and 3 .0  rng/l. The purpose o f  
t h e  TOC a n a l y s i s  was t o  determine what background o r g a n i c s  were p r e s e n t  
i n  t h e  medium and which would i n t e r f e r e  w i t h  t h e  nons teady-s ta te  t e s t s  
a t  t h e  l o w e s t  c o n c e n t r a t i o n s .  
KINETIC PARAMETER MEASUREMENTS 
K i n e t i c  parameters were determined f o r  phenol consumed by phenol - 
grown b a c t e r i a .  The parameters o f  concern were Y ,  Ks, b, and k. Y was 
determined u s i n g  ba tch  growth t e s t s .  I n i t i a l l y  a  smal l  inoculum o f  c e l l s  
e x t r a c t e d  f rom t h e  phenol -grown co l l ~mn  was added t o  a  2-1 i t e r  r e s e r v o i r  
c o n t a i n i n g  500 mg/L phenol and an excess o f  i n o r g a n i c  n u t r i e n t s .  The 
n i t r o g e n  source was i n  t h e  form o f  n i t r a t e  i n  o r d e r  t o  e l i m i n a t e  t h e  
growth o f  n i t r i f i e r s .  The uptake o f  phenol was measured w i t h  t h e  d i r e c t  
pho tomet r i c  method (American Pub1 i c  Hea l t h  Assoc ia t ion ,  1971 ) o r  w i t h  
c14- labe led  phenol ,  i f  i t  was a v a i l a b l e .  To o b t a i n  t he  y i e l d  c o e f f i c i e n t ,  
Y ,  samples were f i l t e r e d  through a  0.45-um f i l t e r  a f t e r  a  s i g n i f i c a n t  
p o r t i o n  o f  phenol was u t i l i z e d .  The f i l t e r  was p laced  i n  a  103OC oven 
f o r  a  two-hour per iod ,  coo led,  and weighed. A f t e r  t h e  c o n c e n t r a t i o n  o f  
f i l t e r e d  s o l  i d s  was ca l cu l a ted ,  the  f o l l o w i n g  express ion  was used t o  
de t e rm i  ne Y . 
' f i n .  i s  t h e  c o n c e n t r a t i o n  o f  s o l i d s  p resen t  when t h e  concen t ra t i on  o f  
phenol, Sfin , was measured. So i s  t h e  i n i t i a l  concen t ra t i on  o f  phenol 
i n  t h e  batch r e a c t o r ,  and Xo i s  t h e  o r i g i n a l  biomass concen t ra t i on ,  
which was taken  t o  be equal t o  ze ro  s i n c e  Xfin >>  X O .  
The maximum s p e c i f i c  u t i l i z a t i o n  r a t e ,  k, was es t imated  f rom 
fundamentals o f  b i oene rge t i c s  (McCarty, 1972),  w h i l e  t h e  decay 
c o e f f i c i e n t ,  b, was assumed t o  be 0.1 day-', a  t y p i c a l  va lue.  
The ha1 f - v e l o c i t y  c o e f f i c i e n t ,  KS, was determined f rom t h e  
b i o f i l m  t e s t s  and Eq. 1. The equa t ion  was so lved f o r  Ks, and p r e v i o u s l y  
es t imated  va lues o f  Smin, Y,  k ,  and b  were s u b s t i t u t e d .  
The k i n e t i c  parameters used f o r  ga lac tose  were n o t  determined i n  
t h i s  study, b u t  were expe r imen ta l l y  ob ta ined  i n  p rev ious  work ( S t r a t t o n ,  
1981). 
BIOFILM PARAMETER MEASUREMENTS 
The b i o f i l m  th ickness ,  Lf, and dens i t y ,  X f ,  were ob ta ined  f o r  
bo th  columns when exper imenta t ion  was completed and the  c o l  umns were 
disassembl ed. Glass beads w i t h  the  a t tached  b i o f i l m  were removed 
f rom r e p r e s e n t a t i v e  sec t i ons  o f  the columns. Because t h e  we igh t  o f  
t he  b i o f i l m  was about  99 percen t  water ,  Lf cou ld  be determined by 
measur ing t h e  we igh t  o f  water  evaporated f rom t h e  b i o f i l m  by d r y i n g  
t h e  beads f o r  two hours i n  a  103OC oven. Lf  was determined by t h e  
express ion,  
where W = we igh t  o f  evaporated water;  
p = d e n s i t y  o f  wa te r  a t  23OC; 
n  = t h e  number o f  g l ass  beads f rom each sec t i on ;  and 
A  = su r f ace  area pe r  bead. 
The b i o f i l m  dens i t y ,  X f .  was c a l c u l a t e d  by shear ing  t h e  b i o f i l m  
f rom t h e  g l ass  beads w i t h  a  vo r t ex  m i xe r  and measuring t h e  COD o f  t h e  
c e l l  mass. The COD r e s u l t s  were used t o  o b t a i n  a  va lue  o f  X f  ( d r y  
3  c e l l  wei ght/cm ) by t h e  f o l  l o w i  ng express ion.  
mg c e l l s  
'ODce1 1  s  (mg) x  0.706 mg COD X = -- f nALf 
The f a c t o r  0.706 mg c e l l  s/mg COD comes f r om assuming t h a t  c e l l s  a re  
represen ted  by C5H702N ( McCarty . 1  972) . 
THE TRANSIENT-UIOFILM MODEL 
B i o f i l m  k i n e t i c  models were developed and t e s t e d  f o r  s t eady -s ta te  
and shor t - term,  nonsteady-s ta te  c o n d i t i o n s  (Ri t tmann and McCarty, 1978, 
1980a, 1980c, 1981). However, nomode l s  were a v a i l a b l e  t o  desc r i be  
t h e  growth and decay o f  a  b i o f i l m  d u r i n g  t r a n s i e n t  c o n d i t i o n s  t h a t  
spanned a  t ime l o n g  enough t o  a l l o w  changes i n  b i o f i l m  mass and th ickness .  
The t r a n s i e n t  model developed below i s  b u i l t  upon t h e  s teady -s ta te  and 
nonsteady-state model s  presented by R i  ttmann and McCarty ( 1  980c, 1981 ) , 
b u t  a l l ows  t h e  b i o f i l t n  t o  change th ickness  as t he  subs t ra te  concen t ra t i on  
va r i es .  
The t r a n s i e n t - b i o f i l m  model r e q u i r e s  t h a t  f i v e  processes occur  
s imul taneously .  F i r s t ,  subs t ra te  i s  t r anspo r ted  across t h e  l i q u i d  
d i f f u s i o n  l a y e r  accordir lg t o  F i c k ' s  f i r s t  law. 
i n  which J = subs t ra te  f l u x  across d i f f u s i o n  l a y e r  and i n t o  
-2 -1 t h e  b i o f i l m  sur face,  MSL T , 
D = mo lecu la r  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s u b s t r a t e  
2  -1 i n  water  ( L  T ) ;  
S  = bu l  k-1 i q u i d  subs t ra te  cor l cen t ra t ion  ( M ~ L - ~ )  ; 
S_ = subs t ra te  concen t ra t i on  a t  b i o f i l m  sur face  
5 
( M ~ L - ~ ) ;  and 
L  = th ickness  o f  d i f f u s i o n  l a y e r  ( L ) .  
Second, subs t ra te  w i t h i n  t he  b i o f i l m  i s  u t i l i z e d  accord ing  t o  
the  Monod r e l a t i o n ,  
r - - -  kXfSf u t i  1  Ks+Sf 
i n  which rutil = subs t ra te  u t i l i z a t i o n  r a t e  a t  a  p o i n t  i n  t he  
-3 -1 f i l m  (MsL T  ) ;  
-1 -1 k  = maximum s p e c i f i c  subs t ra te  u t i l i z a t i o n  r a t e  (MsMx T  ) ;  
Xf  = d e n s i t y  o f  a c t i v e  biomass ( M ~ L - ~ ) :  
KS = ha1 f - v e l  o c i  ty  c o e f f i c i e n t  ( M ~ L - ~ )  ; and 
Sf = subs t ra te  u t i l i z a t i o n  a t  t h a t  p o i n t  i n  t he  b i o f i l m  
- 
Th i rd ,  mass t r a n s p o r t  w i t h i n  t h e  b i o f i l m  i s  accord ing  t o  F i c k ' s  
second 1  aw. 
r d i f f  = Df - a z 2  
i n  which rdiff = r a t e  o f  s u b s t r a t e  accumulat ion due t o  mo lecu la r  
-3  -1 d i f f u s i o n  (MSL T  ) ;  
Df = mo lecu la r  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  subs t ra te  
-2 -1 i n  t h e  b i o f i l m  ( L  T  ) ;  and 
z  = d i s t ance  normal t o  b i o f  i l m  su r f ace  (L )  . 
Combinat ion o f  Eqs. 6 and 7 and assumption o f  a  s teady-s ta te  subs t ra te -  
concen t ra t i on  p r o f i l e  i n  t h i s  b i o f i l m  (Ri t tmann and McCarty, 1981 ) g i v e  
t he  o v e r a l l  mass balance f o r  subs t ra te  i n  t h e  b i o f i l m .  
Fourth,  biomass i s  grown i n  t he  b i o f i l t n  i n  p r o p o r t i o n  t o  
s u b s t r a t e  u t i l i z a t i o n .  
i n  which r = biomass growth r a t e  a t  a  p o i n t  w i t h i n  t h e  b i o f i l m  g  r -3 -1 (MxL T  ) ;  and 
1  Y = t r u e  y i e l d  (M~M; ) .  
F i n a l l y ,  biomass l osses  a r e  p r i ~ . r ~ a r i l y  caused by c e l l  decay and 
shear losses .  R i  t tmann (1982) r epo r t ed  t h a t  t h e  l o s s  r a t e  f rom b o t h  
processes cou ld  be descr ibed  w i t h  a  f i r s t - o r d e r  l o s s  term. 
r 1  oss = -b tX f  
i n  which rloss -3  -1 = l o s s  r a t e  o f  biomass (MxL T  ) ;  and 
b '  = f i  r s t - o r d e r  biomass l o s s  c o e f f i c i e n t  accoun t ing  
f o r  decay and shear l osses  ( T - I  ) . 
Equat ions f o r  e s t i m a t i n g  b '  were g i v e n  by R i  ttmann (1982).  
I n  t he  s teady-s ta te  b i o f i l m  model ( R i  ttmann and McCarty, 1 9 8 0 ~ ) ~  
Eqs. 9  and 10  were combined, i n t eg ra ted ,  and s e t  equal t o  zero.  
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f o r  any b i o f i l m  th ickness  (Ri t tmann and McCarty, 1981),  which was shown 
t o  be a p p l i c a b l e  f o r  nonsteady-s ta te  b i o f i l m s .  
Eq. 16 and t h e  f l u x  equat ions were i nco rpo ra ted  i n t o  a  s o l u t e  
t r a n s p o r t  model descr ibed p r e v i o u s l y  (Ri t tmann and McCarty, 1980a, 
1981). The k i n e t i c  parameters (k ,  Y ,  KS, b ' ,  L, D, Df) ,  b i o f i l m  
c h a r a c t e r i s t i c s  (Xf, i n i t i a l  Lf  va lues)  , f l o w  and r e a c t o r  condi  t i o n s  
( v ,  p o r o s i t y ,  p a r t i c l e  d iamete r ,  l e n g t h ) ,  and feed s u b s t r a t e  concent ra-  
t i o n  (So)  a r e  i n p u t  va lues.  The f i n i t e - d i f f e r e n c e  s o l u t i o n  marches 
forward i n  t ime  by increments o f  a t .  For each t + a t ,  t h e  o u t p u t  
parameters are:  s u b s t r a t e  c o n c e n t r a t i o n  a t  p o i n t s  a long  the reac to r ,  
b i o f i l m  th icknesses a long  the r e a c t o r ,  and s u b s t r a t e  f l u x e s  a long  t he  
r e a c t o r .  
I f  s teady i n p u t  c o n d i t i o n s  a r e  mainta ined,  t h e  s o l u t i o n  converges 
on t h e  p r e d i c t i o n s  o f  t h e  s t e a d y - s t a t e - b i o f i l m  model (R i  ttmann and 
McCarty, 1980a ,c) . Before o r  between s teady s t a t e s ,  t h e  t r a n s i e n t - b i o f i l r n  
model p r e d i c t s  t h e  nonsteady-s ta te  growth o r  decay o f  a  b i o f i l m  and t h e  
s u b s t r a t e  removals d u r i n g  the  t r a n s i e n t  phase. 
RESULTS AND DISCUSSION 
ACHIEVING STEADY-STATE SUBSTRATE UTILIZATION 
6  A f t e r  t h e  columns were seeded w i t h  a  1  :10 d i l u t i o n  o f  s e t t l e d  
domest ic sewage i n  a  s o l u t i o n  o f  phosphate b u f f e r  and magnesium s u l f a t e ,  
t h e  f eed ing  o f  p r imary  subs t ra tes ,  phenol and ga lactose,  began i n  t h e i r  
r e s p e c t i v e  columns a t  concen t ra t ions  o f  3.0 mg C O D j L  f o r  phenol and 
3.0 mg/L f o r  ga lac tose .  The i n i t i a l  s u b s t r a t e  u t i l i z a t i o n  was moni tored,  
and t h e  r e s u l  t i  ng removal p r o f  i 1  es a r e  presented i n  F igures 2  and 3. 
For  t h e  f i r s t  f o u r  days a f t e r  seeding, t he  removal o f  each s u b s t r a t e  was 
min imal  and n e a r l y  t h e  same i n  b o t h  r e a c t o r s .  The removal was s l i g h t l y  
more f o r  t h e  ga lac tose  column than f o r  t h e  phenol column a t  t h e  12-cm 
d i s t a n c e  a l ong  t h e  r e a c t o r .  Between days f o u r  and f i v e ,  t h e  u t i l i z a t i o n  
o f  bo th  subs t ra tes  increased s i g n i f i c a n t l y ,  w i t h  t he  u t i l i z a t i o n  o f  
phenol be ing  f a r  g r e a t e r  than  t he  u t i l i z a t i o n  o f  ga lac tose .  A f t e r  day 
f i v e  f o r  t h e  phenol - fed r e a c t o r  and day seven f o r  t h e  ga lac tose- fed  
r e a c t o r ,  t h e  r e s p e c t i v e  e f f l u e n t  s u b s t r a t e  concen t ra t i ons  were n e a r l y  
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Figure 2 .  I n i t i a l  Galactose Util i za t ion  P r o f i l e s  
CONCENTRATION, mg/l 
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as l ow  as t hey  would reach a t  s teady-s ta te .  However, near  t h e  i n l  e t  
o f  t he  r e a c t o r ,  i n c r e a s i n g  s u b s t r a t e  removal occur red  w i t h  t ime  u n t i l  
a  s t eady -s ta te  s u b s t r a t e - u t i l  i z a t i o n  p r o f i l e  e x i s t e d  th roughou t  t h e  
e n t i r e  r e a c t o r .  The t ime  f o r  b o t h  r e a c t o r s  t o  reach s teady -s ta te  
c o n d i t i o n s  was approx imate ly  two weeks. 
F igures 4  and 5  r ep resen t  p r e d i c t e d  removal p r o f i l e s  f o r  bo th  
phenol and ga lac tose  f o r  a  s e r i e s  o f  days a f t e r  t h e  s t a r t - u p .  The 
i n i t i a l  b i o f i l m  th ickness  used was 0.05-pm, which i s  a  reasonable  
es t imate ,  s i n c e  the  seeding procedure would be unable  t o  cover  t h e  
g l ass  beads w i t h  even a  monolayer o f  b a c t e r i a l  c e l l s .  The 1  -Frm 
organisms would a t  most o n l y  cover  a  f r a c t i o n  o f  each g lass  bead. 
The o t h e r  parameters used i n  t h e  nonsteady-s ta te  rnodel a r e  presented 
i n  Table  2. The b i o f i l m  k i n e t i c  parameters f o r  phenol were determined 
as descr ibed  p rev i ous l y ,  and t h e  parameters f o r  ga lac tose  were d e t e r -  
mined exper imenta l  l y  and repo r t ed  by S t r a t t o n  (1981 ) .  The d i f f u s i v i  ty 
c o e f f i c i e n t ,  D, was c a l c u l a t e d  from a  phys i ca l - chem is t r y  handbook 
( P e r r y  and C h i l t o n ,  1973).  and D f  was taken t o  be equal t o  0 .8  D 
( W i l l  iamson and McCarty, 1976).  
Table  2. Phys ica l  and K i n e t i c  Parameters Used 
i n  t he  Nonsteady-State B i o f i l m  Model 
f o r  Galactose and Phenol 
Parameter Galactose Phenol 
Y ,  mg ce l l s /mg  s u b s t r a t e  0.54 
b y  day-' 0.08 
b ' ,  day see R i  ttrnann ( 1  982) 
2  
D y  cm /day 0.575 
2  Df  ,c" /day 0.460 
The p r e d i c t e d  rerr~oval p r o f i l e s  somewhat overes t imated  t h e  removal 
o f  bo th  subs t ra tes  f rom days 2-10 a f t e r  seeding. P a r t  o f  t he  reason 
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Figure  5. Pred ic ted  I n i t i a l  Phenol U t i l  i z a t i o n  P r o f i l e s .  Symbol s  
a re  Predic ted.  See F ig .  3 f o r  Experimental Resul ts .  
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EFFECTS OF REFRACTORY CELL ACCUMULATION 
A f t e r  one y e a r  o f  opera t ion ,  t h e  g l ass  beads near t h e  i n 1  e t  o f  
t h e  column cou ld  b a r e l y  be seen due t o  t h e  bu i l d -up  o f  biomass on  and 
between them. The biomass was a  dark  brown c o l o r  and was p resen t  ma in l y  
i n  t h e  f i r s t  f i v e  o r  s i x  cen t imete rs .  The g l ass  beads p resen t  i n  t h e  
r e s t  o f  t h e  r e a c t o r  ob ta ined  a  brownish c o l o r ,  b u t  even a f t e r  one year ,  
t h e  g lass  beads were s t i l l  q u i t e  v i s i b l e .  S ince a  b i o f i l m  was h a r d l y  
v i s i b l e  when s teady -s ta te  s u b s t r a t e  u t i l i z a t i o n  was reached, t h e  
i nc reas ing  amount o f  biomass w i t h  t i m e  was p a r t l y  a  bu i l d -up  o f  dead 
c e l l  mat te r ,  r e f r a c t o r y  c e l l  mass, and b a c t e r i a l  sec re t i ons  used f o r  
b i o f i l m  at tachment.  Subs t ra te  u t i l i z a t i o n  d i d  n o t  inc rease  as t h e  
biomass b u i l t  up. The a c t i v i t y  o f  t h e  b i o f i l m  a f t e r  long- te rm sub- 
s t r a t e  u t i l  i z a t i o n  remained t h e  same as i t  was when i t  f i r s t  reached 
s teady-s ta te  c o n d i t i o n s  a f t e r  about  two weeks o f  ope ra t i on .  Desp i te  
be ing b a r e l y  v i s i b l e ,  t h e  b i o f i l m  a t  two weeks was e s s e n t i a l l y  deep 
w i t h  r espec t  t o  phenol .  A f t e r  long- te rm s u b s t r a t e  u t i l i z a t i o n ,  t h e  
a c t i v e  p o r t i o n  o f  t h e  b i o f i l m  was a  sma l l e r  f r a c t i o n  o f  t h e  t o t a l  
b i o f i l m  than i n i t i a l l y  when n e a r l y  t h e  e n t i r e  b i o f i l m  was a c t i v e .  
One o f  t h e  purposes of  o p e r a t i n g  a  s t eady -s ta te  b i o f i l m  f o r  a  
l o n g  p e r i o d  o f  t ime  was t o  determine i f  t h e  b u i l d - u p  o f  r e f r a c t o r y  
c e l l  ma t t e r  would adverse ly  a f f e c t  s u b s t r a t e  removal . As t h e  v o i d  
space between g l ass  beads decreased due t o  t h e  b u i l d - u p  o f  biomass, 
t h e  f l o w  v e l o c i t y  would increase.  Poss ib l y  s h o r t  c i r c u i t i n g  would 
occur .  A lso,  t h e  bu i l d -up  o f  r e f r a c t o r y  m a t e r i a l s  m igh t  inc rease  
mass t r a n s f e r  r e s i s t a n c e  w i t h i n  the  b i o f i l m .  
The phenol-grown b i o f i l m  remained a t  s t eady -s ta te  f o r  13 months. 
S ince t h e  g r e a t e s t  q u a n t i t y  o f  c e l l  m a t t e r  b u i l t - u p  i n  t h e  f i r s t  few 
cen t imete rs  o f  t h e  column, these would be t he  p o i n t s  where s u b s t r a t e  
u t i l i z a t i o n  e f f i c i e n c y  would be most a f f e c t e d .  F i gu re  6 p resen ts  
r e s u l t s  ob ta ined  by measuring t he  uptake o f  phenol a t  t h e  d i f f e r e n t  
sampl ing p o r t s  a l ong  t h e  column as a  f u n c t i o n  o f  t ime ,  L i n e a r  regres -  
s i o n  a n a l y s i s  was used t o  o b t a i n  t h e  b e s t  f i t  l i n e s  i l l u s t r a t e d  i n  
F i gu re  6 f rom f o u r t e e n  sample po in t s .  The s lopes o f  t h e  e i g h t  1  ines,  
which i n d i c a t e  i f  long- te rm removal increased o r  decreased, tu rned  

o u t  nega t i ve  f o r  f o u r  1  i nes  and p o s i t i v e  f o r  the  o t h e r  f o u r .  The 
n e g a t i v e l y  s loped l i n e s  i n d i c a t e  l e s s  removal e f f i c i e n c y  a t  t h a t  s e c t i o n  
o f  t he  b i o f  i l m  r e a c t o r .  The r e s u l  t s  f rom the  i n l e t  end o f  t h e  r e a c t o r  
c l e a r l y  i n d i c a t e  t h a t  t he  bu i l d -up  o f  r e f r a c t o r y  c e l l  mass had no 
adverse e f f e c t s  on  t h e  removal o f  phenol as a  p r ima ry  subs t ra te .  
A c t u a l l y  the  removal of  phenol s l i g h t l y  increased ove r  a  l ong  term i n  
t h e  f i r s t  two cen t imete rs  of the r e a c t o r  where t h e  c e l l  mass was t h e  
g rea tes t .  The inc rease  could be the r e s u l t  o f  enhanced d e n s i t y  o f  
v i a b l e  organisms i n  t h e  a c t i v e  p o r t i o n  o f  t h e  b i o f i l m .  S l i g h t l y  denser 
v i a b l e  organisms cou ld  e x i s t  a f t e r  long- te rm ope ra t i on  because t h e  
b iodegradable p o r t i o n  o f  t he  c e l l  ma t t e r  i n  t h e  nonac t i ve  p o r t i o n  o f  
t he  b i o f i l m  added t o  t he  concen t ra t i on  o f  o rgan ic  e l e c t r o n  donor and 
prov ided s u f f i c i e n t  energy f o r  s l i g h t l y  more organisms i n  t h e  a c t i v e  
zone than were p resen t  when the  o n l y  source of  energy was t h e  subs t ra te  
added t o  t h e  feed s o l u t i o n .  
F igure  7 i l l u s t r a t e s  how the  accurnulation o f  biomass was d i s -  
t r i b u t e d  throughout  t h e  column a t  t he  end o f  13 months o f  exper imentat ion 
w i t h  t h e  phenol column. The t h i c k e s t  biomass measurement was a t  a  
r e a c t o r  depth of  1.5 cm. A t  depths l e s s  than 1.5 cm, t h e  b i o f i l m  
th ickness  was n o t  as l a r g e  because o f  d is tu rbances  t h a t  occurred when 
t he  end caps were removed from the r e a c t o r  f o r  c l ean ing .  The b i o f i l m  
d e n s i t y  was r a t h e r  cons tan t  a t  about 10 mg V S S / C ~ \  except  f o r  near 
t h e  i n l e t ,  where d e n s i t y  was 45 mg vss/cm3,. The average b i o f i l m  
3  d e n s i t y  was found t o  be 10.6 mg-dry c e l l  weight/cm . 
NITRIFICATION AND COMPETITIVE SUBSTRATE UTILIZATION 
Since ammonia was added t o  supply t h e  r e q u i r e d  n i t r o g e n  f o r  t h e  
b i o f i l m  bac te r i a ,  t he  p o s s i b i l i t y  o f  n i t r i f i c a t i o n  was t es ted  i n  t he  
s teady-s ta te  phenol column. The normal i nput concen t ra t i on  o f  ammonia 
was 0.445 mgN/l, b u t  f o r  a twenty-one day per iod  t he  concen t ra t i on  o f  
ammonia was doubled t o  0.89 mgN/l. F i gu re  8  presents  t he  concen t ra t i on  
o f  n i t r i t e  and n i t r a t e  as a  f u n c t i o n  o f  column depth,  a long  w i t h  a  
s teady-s ta te  phenol u t i l  i z a t i o n  p r o f i l e .  The phenol u t i l  i z a t i o n  p r o f i l e  
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demons t ra tes  c o m p e t i t i v e  s u b s t r a t e  u t i l  i z a t i  on.  The a u t o t r o p h i c  
n i t r i f i e r s  o x i d i z e d  ammonia t o  n i t r i t e  and n i t r a t e  i n  t h e  presence o f  
oxygen as t h e i r  sou rce  o f  e l e c t r o n s .  Because o f  t h e  s l o w e r  g r o w t h  
r a t e  f o r  t h e  n i t r i f i e r s ,  t h e  f a s t e r  g r o w i n g  h e t e r o t r o p h s  were a b l e  t o  
dominate  t h e  h a b i t a t  c l o s e r  t o  t h e  column e n t r a n c e ,  where t h e  o r g a n i c  
e l e c t r o n  donor  was p r e s e n t  a t  t h e  h i g h e s t  c o n c e n t r a t i o n s .  When t h e  
c o n c e n t r a t i o n  o f  phenol was reduced t o  a p p r o x i m a t e l y  0 .3  mg C O D I L ,  
t h e r e  was n o t  enough o r g a n i c  e l e c t r o n  donor  l e f t  t o  s u p p o r t  a  popu la -  
t i o n  o f  h e t e r o t r o p h s  1  a r g e  enough t o  c o m p l e t e l y  dominate  t h e  p a r t i c u l a r  
env i ronmen t ,  and t h e  presence o f  n i  t r i f i e r s  became a p p a r e n t .  The 
p o p u l a t i o n  o f  n i t r i f i e r s  s l o w l y  i n c r e a s e d  f r o m  a  d e p t h  o f  4-cm t o  
8-cm and t h e n  i n c r e a s e d  s i g n i f i c a n t l y  between 8-cm and 12-cm, as 
i n d i c a t e d  by t h e  1  a r g e s t  amounts o f  n i  t r a t e  p r o d u c t i o n .  Between 
12-cm and 18-c;m t h e  r a t e  o f  n i t r i f i c a t i o n  decreased i n d i c a t i n g  a  
smal l e r  number o f  a u t o t r o p h i c  n i  t r i f  i e r s  i n  t h i s  segment. A t  a  d e p t h  
o f  18-cm n i t r i f i c a t i o n  was comp le te  and v i r t u a l l y  a l l  o f  t h e  i n i t i a l  
ammonia had been o x i d i z e d  t o  n i t r i t e  and t h e n  t o  n i t r a t e .  The phenol  
example c l e a r l y  i n d i c a t e s  how t h e  d i f f e r e n t  k i n e t i c  r e a c t i o n  r a t e s  can 
d e f i n e  how t h e  organ isms u t i l  i z i  ng d i f f e r e n t  s u b s t r a t e s  compete f o r  
space w i t h i n  t h e  r e a c t o r  u n t i l  t h e y  f i n d  t h e  h a b i t a t  most  s u i t e d  f o r  
them ( McCarty e t  a t ,  , 1981 ) . 
I n  gene ra l  c o m p e t i t i o n  can occu r  f o r  any c o m b i n a t i o n  o f  sub- 
s t r a t e s .  The o rgan ism t h a t  can grow f a s t e s t  o n  t h e  i n p u t  medium w i l l  
dominate  t h e  h a b i t a t  c l o s e r  t o  where t h e  f e e d  s o l u t i o n  e n t e r s  t h e  
column. Competi  t i o n  would have t o  be i n c l u d e d  i n  any model used f o r  
t h e  purpose o f  p r e d i c t i n g  t h e  removal p r o f i l e s  f o r  a n  i n d i v i d u a l  
s u b s t r a t e  when t h e  organ isms u t i l  i z i n g  t h a t  s u b s t r a t e  a r e  o u t  competed 
by o t h e r s .  The presence of ammonia was n o t  a p rob lem f o r  s t u d y i n g  t h e  
rernoval o f  t h e  p r i m a r y  o r g a n i c  s u b s t r a t e  because t h e  h e t e r o t r o p h s  
dominated t h e  r e a c t o r  ucde r  s t e a d y - s t a t e  c o n d i t i o n s .  
NONSTEADY-STATE SUBSTRATE UTILIZATION 
A  b i o f i l m  method t h a t  can be used t o  a c h i e v e  t h e  remova l  o f  
s u b s t r a t e s  t o  1  eve1 s  below Smin i s  n o n s t e a d y - s t a t e  opera  t i o n .  The way 
i n  w h i c h  a  n o n s t e a d y - s t a t e  b i o f i l m  can be u t i l i z e d  t o  o b t a i n  
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DISTANCE ALONG REACTOR, 
F igu re  9. Nonsteady-State Galactose U t i l i z a t i o n  P r o f i l e s  
a t  Subsequent Times A f t e r  Reducing t h e  I n f l u e n t  
Galactose Concent ra t ion  f rom 3.0 mg/L t o  0.3 mg/L. 
Smin = 0.41 mg/L. 

c o n d i t i o n s ,  t h e  1  i k e l y  exp lana t i on  f o r  t h e  decreas ing removal e f f i c i e n c i e s  
near  t h e  column i n l e t  i s  b i o f i l m  l o s s .  A f t e r  t h e  c o n c e n t r a t i o n  o f  
ga lac tose  was reduced t o  0.3 mg/L, t h e  number o f  a c t i v e  organisms began 
t o  decrease, and as a  r e s u l  t, the  removal r a t e s  decreased w i t h  t ime .  
S ince 0.3 mg/L o f  ga lac tose  was l e s s  than t h e  Smin va lue  f o r  ga lactose,  
t he  b i o f i l m ,  i n  theory ,  would c o n t i n u e  t o  decay u n t i l  t h e  v i a b l e  b i o f i l m  
was comple te ly  gone, y i e l d i n g  near ze ro  removal e f f i c i e n c y .  Wi th  t he  
excep t i on  o f  t h e  decreas ing removal e f f i c i e n c i e s  near  t h e  column i n l e t ,  
t h e  r e s u l  t s  i n d i c a t e d  t h a t  the  decay o f  t h e  b i o f i l m  was proceeding a t  
an ex t reme ly  s low r a t e .  
For a  b i o f i l m  grown w i t h  ga lac tose  and c o n t r o l l e d  by t h e  k i n e t i c  
parameters presented i n  Table  2, t h e  p r e d i c t e d  removal p r o f i l e s  f o r  a  
ga lac tose  feed o f  0.3 mg/L and a t  t imes  1  and 10 days a f t e r  r educ ing  
t h e  s u b s t r a t e  concen t ra t i on  a re  presented i n  F i gu re  11. C l e a r l y ,  t he  
model p r e d i c t e d  a  n o t i c e a b l e  decrease i n  t h e  o v e r a l l  removal e f f i c i e n c y  
a f t e r  o n l y  10 days. Thus, t h e  observed decay r a t e  was much s lower  than  
p r e d i c t e d  f rom t h e  independent ly  measured parameters i n  Tab1 e  2.  
S ince  the  decay process was b a r e l y  n o t i c e a b l e  a t  t he  new 
nonsteady-s ta te  ga l  ac tose concen t ra t i on ,  t h e  use o f  s h o r t  term, e l  evated 
c o n c e n t r a t i o n  t e s t s  were corlducted t o  o b t a i n  more s e n s i t i v i t y  f o r  
e v a l u a t i n g  t h e  r a t e  a t  which decay was o c c u r r i n g .  F i gu re  12 p resen ts  
t h e  removal p r o f i l e s  f o r  ga lac tose  when i t  was p resen t  f o r  a  2  - o r  3-hour 
t ime  pe r i od  a t  a  concen t ra t i on  o f  3 " 0  mg/L. The f i g u r e  i n d i c a t e s  t h a t  
t h e  b i o f i l m  was expe r i enc ing  n e t  decay o f  i t s  c a p a b i l i t y  t o  remove 
ga lac tose .  However, t h e  r a t e  o f  decay measured by t h e  3.0  mg/L sp i ke  
t e s t s  was s t i l l  v e r y  slow. Even 138 days a f t e r  t h e  ga lac tose  concen- 
t r a t i o n  was reduced f rom 3.0 mg/L t o  0 - 3  mg/L, n e a r l y  50 pe rcen t  o f  the  
3.0 rng/L ga lac tose  concen t ra t io r l  was s t i l l  u t i l  i zed .  
S ince  t h e  r a t e  o f  decay was proceeding so s l ow l y ,  the  i n f l u e n t  
ga lac tose  c o n c e n t r a t i o n  was reduced t o  0.03 mg/L f rom t h e  0.3 mg/L 
l e v e l .  Th i s  change occurred a f t e r  o p e r a t i n g  t h e  column a t  0.3 mg/L f o r  
138 days. The ga lac tose  cor l ce r l t ra t ion  o f  0.03 mg/L was we1 1  below t h e  
'mi n  va l  ue determined exper imenta l  l y  (0.43 mg/L) . A f a s t e r  decay r a t e  
was expected a t  t h i s  v e r y  l ow  o rgan i c  concen t ra t i on .  The s u b s t r a t e  
removal p r o f i  1  es f o r  ga lac tose  a t  the  normal i n f l u e n t  c o n c e n t r a t i o n  o f  
- 
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Figure 11. Predicted Galactose Removal Prof i les  a t  0.3 mg/l 
on the  F i r s t  Day and Tenth Day After  Reducing 
the Influent  Concentration from 3.0 t o  0.3 mg/l. 
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0.03 rng/L, and f o r  sho r t - t e rm  e leva ted  concen t ra t i ons  o f  0.3 mg/L and 
3.0 mg/L were observed w i t h  pass ing t i m e  and t h e  r e s u l t s  a r e  presented 
i n  F igures  13, 14, and 15, r e s p e c t i v e l y ,  f o r  t h e  f i r s t  52 days o f  
o p e r a t i o n  a t  0.03 mg/L. The o n l y  s e t  o f  u t i l  i z a t i o r ~  p r o f i l e s  t h a t  
i n d i c a t e d  t h a t  t h e  b i o f i l m  was s i g n i f i c a n t l y  decay ing was the  s e t  i n  
F i gu re  15 f o r  t h e  sho r t - t e rm  3.0 mg/L o f  ga lac tose .  Dur ing  t h e  f i r s t  
52 days o f  o p e r a t i o n  a t  0.03 mglL o f  ga lac tose ,  t h e  o v e r a l l  removal 
e f f i c i e n c y  decreased from approx imate ly  47 percen t  t o  37 percen t  f o r  
a  feed c o n c e n t r a t i o n  o f  3.0 mg/L. The p r o f i l e s  f o r  ga lac tose  concen- 
t r a t i o n s  o f  0.03 mg/L and 0.3 mg/L remained n e a r l y  c o n s t a n t  d u r i n g  t h e  
same t i m e  p e r i o d .  The o v e r a l l  removal e f f i c i e n c i e s ,  around 86 percen t ,  
f o r  b o t h  o f  these concen t ra t i ons  f o r  extended t i m e  pe r i ods  once aga in  
i n d i c a t e d  t h a t  t race-1  eve1 o rgan i cs  cou ld  be reduced we1 1  below t h e i r  
r e s p e c t i v e  Smin va lues when a  nonsteady-s ta te  b i o f i l m  was used. 
A l though i t  was q u i t e  d e s i r a b l e  t h a t  t h e  ga lac tose  c o u l d  be removed 
e f f i c i e n t l y  f o r  extended per iods  o f  t ime  when p resen t  a t  sub-Smin 
1  eve ls ,  t he  reasons f o r  the s lower  than  p r e d i c t e d  decay r a t e s  r e q u i r e d  
exp lana t i on .  
E f f e c t  o f  N i t r i f i c a t i o n  on Pro long ing  He te ro t r oph i c  -. A c t i v i t y  
A f t e r  the  nonsteady-s ta te  b i o f i l m  r e a c t o r  was operated a t  an 
i n f l u e n t  ga lac tose  c o n c e n t r a t i o n  o f  0.03 mg/L f o r  52 days w i t h  1  i t t l e  
decay observed, t h e  concen t ra t i on  o f  ammonia i n  t h e  feed was doubled 
f rom 0.445 mgN/L t o  0.890 mgN/L. P r e v i o u s l y  presented r e s u l t s  proved 
t h a t  n i t r i f i c a t i o n  occur red  i n  t h e  phenol r e a c t o r  when phenol was f e d  
a t  3.0 mglL, b u t  n i t r i f i c a t i o n  was prevented by  t h e  r a p i d  growth o f  
he te ro t r ophs  near t h e  i n l e t .  
F i gu re  16 suppor ts  t h e  f a c t  t h a t  n i t r i f i c a t i o n  a l s o  occur red  
w i t h i n  t h e  nons teady-s ta te  r e a c t o r .  The f i g u r e  i n d i c a t e s  t h a t  when 
ga lac tose  was f e d  a t  0.03 mg/L t he  n i t r i f i e r s  were a b l e  t o  e x i s t  i n  
a  h a b i t a t  v e r y  near t h e  column i n l e t .  I n  f a c t ,  ove r  t w o - t h i r d s  o f  
t h e  ammonia had been o x i d i z e d  t o  n i t r i t e  and then  n i t r a t e  w i t h i n  t h e  
f i r s t  2 cm of r e a c t o r  depth.  A1 1  o f  t h e  amnonia i n  t h e  feed s o l u t i o n  
had been o x i d i z e d  t o  n i t r a t e  by t h e  t i m e  i t  had reached a  depth o f  
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Figure 14. Short-Term Nonsteady-State Removal Prof i les  f o r  
Galactose a t  0.3 mg/l When the Normal Feed 
Concentration was 0.03 mg/l. 
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Figure 15. Short-Term Nonsteady-State Removal P r o f i l e s  f o r  
Galactose a t  3..0 mg/ l  When the  Normal Feed 
Concentrat ion was 0.03 mg l l .  
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Figure 16. Concentration of Ni t r i t e  and Ni t r a t e  i n  the 
Nonsteady-State Galactose Reactor. A Galactose 
Removal Prof i le  i s  Included for  0.03 mg/L. 
6  cm i n  t h e  r e a c t o r .  S ince t h e  p o t e n t i a l l y  f a s t e r - g r o w i  ng h e t e r o t r o p h s  
were exposed t o  a  v e r y  low i n f l u e n t  o r g a n i c  c o n c e n t r a t i o n ,  t h e y  were 
unable  t o  dominate t h e  i n l e t  s e c t i o n  o f  t h e  r e a c t o r .  The removal p r o f i l e  
f o r  ga lac tose ,  a l s o  i l l u s t r a t e d  i n  F i g u r e  16, i n d i c a t e s  t h a t  t h e  
n i t r i f i e r s  were unable  t o  c o m p l e t e l y  dominate t h e  i n l e t  b i o f i l t n  reg ion ,  
s i n c e  t h e  o r g a n i c  compound was s i g n i f i c a n t l y  u t i l  i z e d  i n  t h i s  r e g i o n .  
Wi th  t h e  occurrence o f  n i t r i f i c a t i o n  and h e t e r o t r o p h i c  a c t i v i t y  
t o g e t h e r ,  t h e  a u t o t r o p h i c  n i t r i f i e r s  produce o r g a n i c  c e l l  m a t t e r ,  p a r t  
o f  which t h e  h e t e r o t r o p h s  can u t i l i z e .  I f  t h e  h e t e r o t r o p h s  u t i l i z e  t h e  
o r g a n i c  m a t e r i a l  syn thes ized  th rough  n i t r i f i c a t i o n ,  t h e  o r g a n i c  m a t t e r  
supplements t h e  feed ga lac tose ,  and t h e  h e t e r o t r o p h s  would be exposed 
t o  a  h i g h e r  c o n c e n t r a t i o n  o f  o r g a n i c  e l  e c t r o n  donor than  was f e d  i n  
t h e  i n f l u e n t .  
By d o u b l i n g  t h e  c o n c e n t r a t i o n  o f  ammonia i n  t h e  feed  s o l u t i o n ,  
more o r g a n i c  m a t t e r  f rom n i t r i f i c a t i o n  would be p r e s e n t  f o r  t h e  t-ietero- 
t r o p h s  and t h e  u t i l i z a t i o n  o f  g a l a c t o s e  shou ld  i n c r e a s e  f r o m  t h e  l e v e l  
when o n l y  0.445 mgN/& was used.. Tab le  3  i n d i c a t e s  how t h e  removal 
e f f i c i e n c i e s  f o r  ga lac tose  changed a t  t h e  d i f f e r e n t  depths o f  t h e  
b i o f i l m  r e a c t o r  d u r i n g  t h e  t i m e  p e r i o d  t h a t  ammonia was p r e s e n t  a t  
0.890 mgN/L. The change f rom 0.445 mgNIL t o  0.890 mgNIL occur red  52 
days a f t e r  t h e  g a l a c t o s e  c o n c e n t r a t i o n  was reduced f rom 0.3 mg/L t o  
0.03 mg/L and con t inued  f o r  21 days.  The e n t r i e s  i n  t h e  t a b l e  a t  50, 
51 , and 52 days r e p r e s e n t  t h e  1  a s t  ga l  ac tose  u t i l  i z a t i o n  exper iment  
b e f o r e  i n c r e a s i n g  t h e  amrrlonia c o r l c e n t r a t i o n  t o  0.89 mgNIL. The t a b l e  
i n d i c a t e s  t h a t  a t  t h e  normal g a l a c t o s e  c o n c e n t r a t i o n  o f  0.03 mg/L, 
i nc reased  g a l a c t o s e  removal occur red  between t h e  i n l e t  and t h e  2-cm 
depth.  Beyond t h e  4-cni dep th  1  i ttl e  ga l  ac tose  was u t i l  i z e d ,  r e s u l  t i n g  
i n  an o v e r a l l  u t i l i z a t i o n  e f f i c i e n c y  o f  88 percen t ,  wh ich was a lmos t  
i d e n t i c a l  t o  t h e  o v e r a l l  removal e f f i c i e n c y  when t h e  l o w e r  ammonia 
c o n c e n t r a t i o n  was used. 
When t h e  c o n c e n t r a t i o n  o f  ga lac tose  was inc reased  t o  0.3 mg/L 
f o r  a  s h o r t  t i m e  p e r i o d ,  t h e  b i o f i l m  grown a t  a  h i g h e r  ammonia concen- 
t r a t i o n  a l s o  removed more g a l a c t o s e  i n  t h e  f i r s t  2-cm o f  r e a c t o r  l e n g t h ,  
b u t  o v e r a l l  r e a c t o r  e f f i c i e n c y  remained t h e  same f o r  bo th  i n s t a n c e s .  
Table 3. Incremental Percentages of Influent  Galactose Removed 
by the Specified Segment of the Reactor f o r  the Case 
When the  Ammonia Concentration was 0.445 mgN/L and 
Approximately 3 Weeks After  the Ammonia Concentrat ion 
was Changed t o  0.89 mgN/L 
Distance along reac to r ,  cm 
Overall 
SO,rng/L Time,days 0-1 1-2 3-4 4-6 6-8 8-10 e f f i c i ency ,% 
The most sensit ive resul ts  were obtained for  the short-term 
influent galactose concentration of 3.0 mg/L. For th i s  case, the 
biofilm grown a t  a higher ammonia concentration was able to  increase 
the u t i l iza t ion  enough in the f i r s t  4 centimeters of reactor depth so 
that  i t  experienced an 11 percent increase in overall u t i l iza t ion  
efficiency. A larger heterotrophic biofilm thickness a t  the i n l e t  
sections was apparent, since for  each of the three galactose concen- 
t ra t ions,  more substrate mass was removed in the f i r s t  2 to 4 cm of 
reactor depth when the ammonia concentration had been increased for  
an extended time. The resul ts  in Table 3 suggest strongly that  
n i t r i f ica t ion  act ivi ty  supplemented the organic supply of the hetero- 
trophs and enhanced the survival of the nonsteady-state biofil m .  
To ensure that  n i t r i f ica t ion  actual l y  did enhance galactose 
removal near the biofilm reactor in l e t ,  the ammonia was completely 
removed from the feed solution and replaced with 0.445 mgN/L of n i t ra te .  
The removal of ammonia from the feed solution occurred 73 days a f t e r  
the galactose concentration in the feed was reduced from 0.3 mg/L to 
0.03 mg/L. Figures 1 7 ,  18, and 19 indicate the e f fec t  that  removing 
the ammonia from the feed sol ution had on cu~nulative removal efficiencies 
a t  various depths within the reactor fo r  the three different  influent 
galactose concentrations. The figures indicate that when the ammonia 
was completely removed from the feed solution, the amount of galactose 
removed noticeably began to decrease, whereas i t  had increased during 
the time ammonia was fed a t  0.89 mgN/L. 
The most notable change occurred between the in le t  and 1-cm 
depth for  a galactose concentration of 0.03 mg/L because the hetero- 
tropt-tic biofilm had been supplerr~ented by the n i t r i fy i r~g  ac t iv i ty  in 
the f i r s t  few centimeters to a much greater extent than had other parts 
of the reactor. Total removal of the ammonia from the feed s igni f i -  
cantly decreased the heterotrophic biomass in the early stages and 
caused the rerr~oval of 0.03 rr~g/L of galactose to drop from i t s  s t i l l  
re1 atively high percentage. When the ammonia supply was el iminated, 
the biofilm near the i n l e t  was not supplemented by the autotrophic 
biomass and began to decay, ut i l iz ing a lower percentage of influent 
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ga lac tose  and l e a v i n g  more f o r  t h e  b i o f i l r r ~  f u r t h e r  i n  t h e  r e a c t o r .  As 
t he  b i o f i l m  a t  g r e a t e r  r e a c t o r  depths was exposed t o  h i g h e r  ga lac tose  
concen t ra t ions ,  i t  was a b l e  t o  decay more s l o w l y  and a l s o  remove more 
subs t ra te .  The f a c t  t h a t  t h e  b i o f i l m  was s t i l l  decaying beyond t he  
4-cm p o i n t  i s  shown i n  F i gu re  19, which shows t h a t  t h e  mass o f  ga lac tose  
removed decreased w i t h  t ime  i n  each segment. 
Background Organics -
Even a f t e r  t he  ammonia was removed, t h e  e f f l u e n t  ga lac tose  con- 
c e n t r a t i o n  was n o t  s i g n i f i c a n t l y  h i g h e r  when 0.03 rr~g/X and 0.3 r r~g / t  o f  
ga lac tose  were f e d  i n t o  t h e  r e a c t o r .  T h i s  suggests t h a t  a1 though n i  tri - 
f i c a t i o n  enhanced ga lac tose  removal, o t h e r  f a c t o r s  were a l s o  a c t i n g  t o  
reduce t h e  decay r a t e ,  The p o s s i b i l i t y  o f  a  supplemental o r g a n i c  sub- 
s t r a t e  c o r ~ c e n t r a t i o n  i n  t h e  feed s o l u t i o n  was t e s t e d  by measur ing t h e  
t o t a l  o r g a n i c  carbon, TOC, p resen t  i n  t h e  feed s o l u t i o n  background. 
The background s o l  u t i o n  measured cons i s t ed  o f  t h e  c l e a n e s t  1  abo ra to r y  
wa te r  ( d i s t i l l e d  and f i l t e r e d  through a  M i l l i - Q  system) w i t h  t h e  
i n o r g a n i c  n u t r i e n t s  added a t  t h e i r  normal concen t ra t i ons .  Between 0.1 
and 0.3 mg-C/L o f  background TOC was c o n s t a n t l y  p resen t .  The o rgan i c  
carbon cons i s t ed  o f  i m p u r i t i e s  e x i s t i n g  i n  t h e  i n o r g a n i c  reagents  and 
a  smal l  amour~t t h a t  remained i n  t h e  c l e a n e s t  l a b o r a t o r y  water .  O f  t he  
a d d i t i o n a l  o rgan i c  substances, about  10 pe rcen t  were u t i l  i z e d  w i t h i n  t he  
b i o f i l m  r e a c t o r  when o n l y  t he  medium (no ga lac tose)  was passed through 
t h e  r e a c t o r .  I f  t h e  0.01 t o  0.03 mg-C/L o f  b iodegradable  o rgan i c  
substances a r e  represented as ga l  actose, they correspond t o  an a d d i t i o n a l  
0.025 t o  0.075 mg/L o f  ga lac tose .  Biodegradabl  e  o rgan i cs  a t  these l e v e l s  
would have a f f e c t e d  the  decay r a t e  s i g n i f i c a n t l y  when t he  long- te rm 
ga lac tose  feed concen t ra t i on  was 0.3 mg/L, as t h e  a d d i t i o n a l  o rgan i c  
m a t e r i a l  c o u l d  have increased t h e  o v e r a l l  i n f l  uen t  s u b s t r a t e  c o n c e n t r a t i o n  
above Smin. I f  t h i s  were t r u e ,  the o v e r a l l  removal o f  ga l ac tose  s t i l l  
should  have decreased, as t h e  combinat ion o f  t h e  e f f l u e n t  ga lac tose  
c o n c e n t r a t i o n  and background o r g a n i c  c o n c e n t r a t i o n  would approach t he  
Smin va lue .  Measurement o f  ga lac tose  a lone  obscures t he  f a c t  t h a t  t h e  
background o rgan i cs  ( n o t  measured) a re  p a r t  o f  Smin. Tak ing i n t o  account 
t he  background o rgan ics  cannot by i t s e l f  e x p l a i n  the  slowness o f  the  decay 
r a t e .  
B a c t e r i  a1 Adapta t ion  
Another exp lana t i on  f o r  t he  very  s low r a t e  o f  decay i s  t h a t  t he  
organisms adapted t o  t he  ext remely  low n u t r i e n t  l e v e l s  a f t e r  f i r s t  be ing 
es tab l i shed  when t h e  o rgan ic  concen t ra t i ons  were h i ghe r .  Microorganisms 
t h a t  can e x i s t  when o rgan ic  n u t r i e n t s  a r e  ext remely  l ow  have been 
c l a s s i f i e d  i n t o  two groups accord ing t o  t h e i r  p a r t i c u l a r  s u r v i v a l  
s t r a t e g y  (Koch, 1979). One group o f  organisms, r e f e r r e d  t o  as t he  
r - s t r a t e g i s t ,  i s  ab le  t o  grow very  r a p i d l y  when a  s u b s t r a t e  i s  a v a i l a b l e ,  
b u t  must e n t e r  a  dormant s t a t e  t o  p e r s i s t  d u r i n g  pe r i ods  o f  v e r y  low 
n u t r i e n t  concen t ra t ions .  When the  subs t ra te  increases i n  concen t ra t ion ,  
t he  r - s t r a t e g i s t  has the  a b i l  i t y  t o  r e v i v e  and grow very  r a p i d l y  because 
o f  i t s  h i g h  maximum growth r a t e .  The r - s t r a t e g i s t  group, however, i s  
n o t  we1 1  adapted when subs t ra te  concen t ra t ions  a r e  always low.  The 
K - s t r a t e g i s t ,  on the  o t h e r  hand, can use i t s  ve ry  h i g h  a f f i n i t y  f o r  
n u t r i e n t s  and h i g h l y  e f f i c i e n t  metabol ism t o  grow c o n t i n u a l l y ,  even a t  
ve ry  low n u t r i e n t  concen t ra t ions .  The K - s t r a t e g i s t  i s  a l s o  cha rac te r i zed  
by a  r e l a t i v e l y  low maximum growth ra te ,  t h e  a b i l i t y  t o  u t i l i z e  mu1 t i p l e  
and v a r i e d  compounds, and p o s s i b l y  t he  a b i l i t y  t o  accumulate rese rve  
energy resources when carbon i s  a v a i l a b l e  i n  excess i n  t he  environment.  
Some s t r a i n s  o f  b a c t e r i a  have demonstrated t h a t  they can u t i l i z e  b o t h  
s u r v i  va l  s t r a t e g i e s .  Poindexter  (1979) has repo r ted  t h a t  under extreme . 
n u t r i e n t  l i m i t a t i o n ,  some organisms a r e  a b l e  t o  change f rom l e s s  e f f i c i e n t  
forms t o  a  m e t a b o l i c a l l y  more e f f i c i e n t  one. For ins tance ,  an organism 
cou ld  change shape and produce d i f f e r e n t  chemical c o n s t i t u e n t s  w i t h i n  
the  c e l l  s t r u c t u r e  over  severa l  generat ions when t h e  a v a i l a b i l i t y  o f  
n u t r i e n t s  was a1 te red .  
The ex i s tence  o f  an adapt i ve  s u r v i v a l  s t r a t e g y  can e x p l a i n  why 
t h e  a c t u a l  decay o f  a  galactose-grown b i o f i l m  d i d  n o t  agree w i t h  t h e  
p r e d i c t e d  decay us ing  t he  nonsteady-state b i o f i l m  model . I n  t he  p red i c ted  
case, a l l  o f  t h e  b a c t e r i a l  k i n e t i c  parameters were assumed t o  remain 
cons tan t  as t he  feed concen t ra t i on  o f  ga lac tose  was decreased. I f  the  
b i o f i l m  b a c t e r i a  es tab l i shed  a t  3.0 mg/L were a b l e  t o  adapt  t o  t he  lower  
n u t r i e n t  environments, t h e  p o s s i b i l i t y  e x i s t s  t h a t  more t han  one o f  t he  
k i n e t i c  parameters changed as t h e  n u t r i e n t  l e v e l  decreased. S ince 
s u b s t r a t e  removal cont inued a t  a1 1  t imes,  t h e  dormant r - s t r a t e g y  seems 
u n l i k e l y .  The K - s t r a t e g i s t s  remain i n  an a c t i v e  b u t  more e f f i c i e n t  
s t a t e ,  which would mean t h a t  t h e i r  ha1 f - v e l o c i t y  c o e f f i c i e n t ,  Ks, and 
decay c o e f f i c i e n t ,  b, p robab ly  were l e s s  d u r i n g  n u t r i e n t  l i m i t a t i o n ,  
y i e l d i n g  a  lower  Smin va lue.  S ince  t h e  Ks and b  va lues used f o r  t h e  
decay p r e d i c t i o n s  were eva lua ted  under p l e n t i f u l  n u t r i e n t  c o n d i t i o n s  
( S t r a t t o n ,  1981),  t h e i r  e f f ec t i veness  a t  a c c u r a t e l y  p r e d i c t i n g  decay 
r a t e s  under extreme n u t r i e n t  1  i m i t a t i o n  was ques t ionab l  e. S i  nce t h e  
l a b o r a t o r y  was n o t  equipped w i t h  ins t ruments  t h a t  cou ld  be used t o  
determine k i n e t i c  parameters a t  ex t reme ly  low s u b s t r a t e  concen t ra t ions ,  
expe r imen ta l l y  determined va lues f o r  them cou ld  n o t  be i n s e r t e d  i n t o  
t he  nonsteady-s ta te  b i o f i l r r ~  models. However, t he  e f f e c t  o f  changing b 
and Ks can be demonstrated w i t h  t h e  use o f  t h e  nons teady-s ta te  b i o f i l m  
model . F igu re  20 ill u s t r a t e s  t he  e f f e c t  d i f f e r e n t  decay c o e f f i c i e n t s  
have on t h e  p r e d i c t e d  ga lac tose  u t i l  i z a t i o n  p r o f i l e s  over  a  p e r i o d  o f  
nons teady-s ta  t e  decay. Each cu rve  represen ts  t h e  same simul a  ted  
b i o f i l m  e s t a b l i s h e d  w i t h  a  ga lac tose  concen t ra t i on  o f  3.0 mg/L f o r  a  
p e r i o d  of t h r e e  weeks. A f t e r  t h r e e  weeks, t h e  ga lac tose  c o n c e n t r a t i o n  
was reduced t o  0.3 mg/L. Ten days a f t e r  t h i s  r e d u c t i o n  i n  ga lac tose  
concen t ra t i on ,  t he  removal p r o f i l e s  were p r e d i c t e d  f o r  va r ious  decay 
c o e f f i c i e n t s .  The t y p i c a l  va lues f o r  decay c o e f f i c i e n t s ,  when measured 
under nonextreme n u t r i e n t  c o n d i t i o n s ,  a r e  0.1 t o  0.2 day". F i gu re  20 
i n d i c a t e s  t h a t  f o r  decay c o e f f i c i e n t s  t h i s  h igh ,  s i g n i f i c a n t  r e d u c t i o n  
i n  t h e  b i o f i l m ' s  a b i l i t y  t o  u t i l i z e  ga lac tose  would have occur red  i n  
j u s t  ove r  one week. I f  t h e  decay c o e f f i c i e n t  decreased t o  0.008 day-', 
10 t imes l e s s  than measured f o r  t h i s  s tudy,  ve r y  l i t t l e  decrease i n  
the ga lac tose  u t i l  i z a t i o n  would be p r e d i c t e d  ove r  10  days. 
F i gu re  21 shows t h e  e f f e c t  o f  an i n c r e a s i n g  a f f i n i t y  f o r  ga lac tose  
by t h e  e x i s t i n g  b a c t e r i a ,  as d i f f e r e n t  removal p r o f i l e s  a r e  presented 
f o r  va r i ous  Ks values. The p r o f i l e s  were developed under a  s e t  o f  
c o n d i t i o n s  i d e n t i c a l  t o  those f o r  t h e  development o f  t he  p r o f i l e s  i n  
F i gu re  20, excep t  t h a t  b  was h e l d  cons tan t  a t  0.08 day- '  f o r  each case. 
As t h e  organisms inc rease  t h e i r  a f f i n i t y  toward a  subs t ra te ,  i n d i c a t e d  
by l owe r  va lues o f  KS, a  new Smin va lue  would r e s u l t .  A lowered Smin 
cou ld  be respons ib l e  f o r  t h e  observa t ions  o f  l i t t l e  decay. 
DISTANCE ALONG REACTOR,  
F igu re  20. The E f f e c t  t h a t  t he  Decay C o e f f i c i e n t ,  b, has on 
Galactose U t i  1 i z a t i o n  P r o f i l e s  Cluring N u t r i e n t  
Lirni t a t i o n  as P red i c ted  by t h e  Nonsteady-State 
B i o f i l m  Model. Time = 10 Days A f t e r  Decreasing 
Feed Galactose from 3.0 t o  0.3 mg/ l .  

The r e s u l t s  i n  F igures 20 and 21 i n d i c a t e  t h a t  increased organism 
e f f i c i e n c y  i s  one way t o  enhance nonsteady-state ope ra t i on .  Kobayashi 
and Rit tmann (1  982) descr ibed t he  p o t e n t i a l  advantages o f  so -ca l l  ed 
o l i g o t r o p h i c  microorganisms, e s p e c i a l l y  f o r  f i x e d - f i l m  b i o l o g i c a l  t r e a t -  
ment o f  d i l u t e  wastewaters. The changes i n  k i n e t i c  parameters t h a t  
desc r i be  any o l i g o t r o p h i c  adap ta t ions  cou ld  n o t  be asce r ta i ned  i n  t h i s  
s tudy.  It i s  1  i k e l y  t h a t  b  and KS decreased somewhat. However, t h e  
compl i ca t ing  f a c t o r  o f  o rgan ic  supplements f rom background o rgan ics  
and n i t r i f y i n g  b a c t e r i a  made q u a n t i t a t i o n  imposs ib le .  
I n  summary, t h e  nonsteady-state b i o f i l m  showed a  very  s low l o s s  
r a t e  and gave e f f e c t i v e  removal o f  a  t r a c e - l e v e l  subs t ra te  f o r  over  
200 days. Organics supplementat ion caused by n i t r i f y i n g  a c t i v i t y  
c l e a r l y  played a  r o l e ,  as d i d  background o rgan ic  m a t e r i a l .  Evidence 
a1 so suggests t h a t  t h e  he te ro t roph i c  b a c t e r i a  adapted t o  t h e  l o w - n u t r i e n t  
s i t u a t i o n ,  probably  by decreas ing b  and Ks. 
CONCLUS I O N S  
Some general  conc lus ions  t h a t  can be made f rom t h e  completed 
research a r e  l i s t e d  below. 
1. The i n i t i a l  removal p r o f i l e s  f o r  subs t ra tes  a f t e r  t h e  
r e a c t o r  has been i nocul a  t ed  were p r e d i c t e d  reasonably  
we1 1  w i t h  t h e  newly developed t r a n s i e n t - b i o f i l m  model , 
which a l l ows  b i o f i l t n  growth and decay w i t h  t ime .  
2. Long-term e f f e c t s  o f  r e f r a c t o r y  biomass bu i l d -up  on t h e  
removal o f  o rgan ics  were n e g l i g i b l e .  
3. Galactose, when present  a t  sub-Smi 1 eve1 s, was removed 
c o n s i s t e n t l y  f o r  prolonged per iods  o f  t ime by a  b i o f i l m  
es tab l i shed  a t  a  ga lactose concen t ra t i on  above Smin. 
A1 though t h e  b i o f i l m  was decaying, i t  cou ld  s t i l l  b r i n g  
about  88 percent  removals o f  0.03 mg/ l  l e v e l s  o f  
ga lac tose  f o r  over 200 days. 
4. The slow decay r a t e  o f  t h e  nonsteady-state b i o f i l m  was 
enhanced by t h e  presence o f  n i t r i f y i n g  b a c t e r i a ,  which 
supplemented t h e  o rgan i c  subs t ra te  near t he  i n l e t  o f  
t h e  r e a c t o r .  
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